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Analysis of coupling losses in 
multifilamentary untwisted BSCCO/Ag tapes 
through a.c. susceptibility measurements 

D. Zola, F. Gomory, M. Polichetti, F. Strycek, J. Souc, P. Kovak and S. Pace 



Abstract — Losses as function of the a.c. magnetic field ampli- 
tude (B ) were measured at 77 K in untwisted BSCCO(2223)/Ag 
tapes, at different frequencies, by measuring the imaginary part 
of the a.c. susceptibility. In particular, loss measurements were 
performed in the portions of the same tape, obtained by cutting it 
in pieces with different length, starting from around 12 cm down 
to 1 cm. The results show that the measured losses depend on 
the sample length but this observed behaviour is not always due 
to the coupling mechanism among the filaments. In this work we 
discuss the observed experimental behaviour of different typology 
of tapes by analysing data comparing them with analytical models 
in order to fully characterize the tapes with regard to the coupling 
mechanism. 

Index Terms — a.c. losses, BSCCO tapes, a.c. susceptivity 



I. Introduction 

IN A.C. electrical devices make by superconductors cables 
is necessary to reduce the a.c. losses arising by the hys- 
teretic, coupling and eddy mechanisms [l]-[3]. Tapes or wires 
usually contains many superconducting filaments because in 
this way the hysteretic losses are reduced. These filaments in 
BSCCO tapes, are embedded in metallic matrix, usually in 
silver or silver alloy for improving the thermal stability and 
the mechanical properties of tapes. On the other hand, to cut 
down the coupling losses, it is essential to reduce the area of 
induced flux e.g. by twisting the filaments or increasing the 
matrix resistivity or manufacturing artificial resistive barriers 
around the filaments. Nevertheless, the efforts turned towards 
a reducing of losses in a tape can be compromised by the 
intergrowths and bridging which can decrease the effective 
resistivity of the matrix or electrically connect the supercon- 
ducting filaments [4], [5]. 
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The coupling loss per unit volume and per cycle (Q c ) if 
the a.c. magnetic field amplitude Bq 
penetration field of the tape, is given by [6], [7]: 
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where r is so called time constant, \o is a constant depending 
on geometry related to demagnetization factor and to is the 
angular frequency. The Eq. ^ shows as the coupling loss 
depends on frequency and on Bq square whereas the hysteretic 
loss depends on Bq [1], [8] and it has a very slight dependence 
on frequency. The different behaviour on frequency and on Bq 
can be employed to discriminate the different loss mechanism. 
The Equation ^ h as a maximum for lot = 1 which can be 
experimentally so estimated by finding the frequency (^ m ) 
where the maximum occurs in loss measurements performed 
at low B Q [9]-[ll]. 

At the same time, loss are linked to the imaginary part of 
the first harmonic of the a.c. susceptibility x" PL [7], [12] 
according to: 



Q = Kx"xoB Q /fiQ 



(2) 



Both Q and r can be also evaluated by a.c. susceptibility mea- 
surements also because xo can be experimentally measured 
[13] Moreover, in untwisted BSCCO tapes, r is given by: 
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and therefore the time constant depends on the square of the 
length {£) , on the effective resistivity (p m )and on the tape 
geometry factor (xo) [12], [13]) The effective resistivity gener- 
ally differs from the bare matrix resistivity, because it depends 
on the tape geometry and on the particular arrangement of 
the superconducting filaments [14] and by evaluating r the 
effective resistivity can be, in this way, estimated [7]. 

In this work, the coupling losses have been analysed in com- 
mercial multifilamentary untwisted tape and compared with 
tapes with a geometry resembling just two filaments separated 
by a metallic matrix. In this last case, each "filament" consists 
in dense stack of extremely flat filaments. We have measured 
by a.c. susceptibility technique, the losses as function of 
frequency when the external magnetic field is perpendicular 
to the broad face of the sample. In order to study the effect 
of the sample length on the losses, the measurements were 
repeated for the same tape, cut several times in shorter and 
shorter pieces. Since we expect that the hysteresis loss has 
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not to vary as the length is changed (whereas the coupling 
loss depends strongly on the sample length), we want to 
characterize the quality of the tapes from bridging aspects. 
Finally, the measurement have been performed in a frequency 
range that the eddy loss have been estimated negligible. 

II. Experimental 

The a.c. losses were measured by using an a.c. susceptome- 
ter with a system of coils suitable for measurements on sample 
with length up to 12 cm An electromagnet produces an a.c. 
magnetic field with Bq up to 50 mT, with a field homogeneity 
within 1% on a 8 cm length and 2% on 12 cm. The a.c. 
field induces a voltage in two racetrack-shaped coils: the pick- 
up coil, which is very close to the sample surface, while 
the null coil is 1 cm apart. Since the pick-up coil and the 
null coil are not perfectly identical, a variable compensation 
system is also used. The a.c. magnet and both the coils are 
placed in a reinforced plastic cryostat, so no eddy currents are 
induced in the cryostat walls. The system is cooled by liquid 
nitrogen and all the measurements have been performed at 
77 K. Measurements have been performed in the frequency 
range from 1 Hz to 1000 Hz in the field amplitude ranging 
from 0.05 mT to 45 mT. 

A.C. susceptibility measurements have been performed on two 
bi-columnar tapes of around 61 mm. The first (named in the 
following "Ag tape" ) was prepared with 16 filaments in pure 
silver matrix with a stack of 8 filaments for each column 
separated by about 0.3 mm of pure silver. The external sheath 
is also made with the same material. The geometry of the 
second tape (Ag/Mg tape) is similar to that of Ag tape, but the 
number of filaments is 15 and therefore there are 8 filaments 
in one column and 7 in the other. The metallic sheet between 
filaments is a Ag/Mg(0.4%) alloy and the matrix which em- 
beds the whole filamentary zone is a Ag/Mg(0.4%)/Ni(0.22%) 
alloy. Moreover, other a.c. susceptibility measurements have 
been performed on commercial tapes, manufactured by Aus- 
tralian Superconductor (AUS) and by Nordic Superconductor 
Technologies (NST), whose we have few technical data. The 
NST samples have 65 filaments embedded in unknown matrix 
(probably Ag-Mg alloy) and the cross section dimensions are 
3.2 mm x 0.30 mm. We do not know the fill factor of the 
tapes neither the critical current. The Australian tapes have 37 
filaments and a critical current of 36-38 A. The cross section 
is 2.96 mm x 0.33 mm, the fill factor is unknown and the 
metallic matrix is probably in Ag/Mg alloy. 
In all tape the geometrical factor xo has been measured 
according the technique reported in Ref. [13]. I measured 
value of xo are respectively 8.9 in Ag tape, 8.8 in Ag/Mg 
tape whereas it is 3.6 in NST tape and 5.1 in AUS tape. 

III. Frequency and B dependence of losses in 

BICOLUMNAR TAPE 

Losses have been measured as function of Bq, in several 
pieces with different lengths, cut from our original Ag and 
Ag/Mg tapes. In the upper graph of the Fig. ^ the x"(Bq) 
is shown as measured on a Ag tape of 61.7 mm at different 
frequencies. For Bq < Bo jmax (which is the field value where 
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Fig. 1. Bq dependence of \" (upper graph)and of the loss (lower graph)in 
log-log scale as measured in Ag tape of 61.7 mm. The lines shown the 
expected dependence, for Bo < Bo, max, of the hysteretic loss (continuous 
line) and of the coupling loss (dotted line). The dashed lines is the expected 
behaviour of both losses when Bq > Bo max 



X 

penetration field (B p )of tape), the susceptibility has a large 
frequency dependence. At low field amplitudes, \" is nearly 
constant and the slight dependence on Bo is probably due to 
the hysteretic contribution of the superconducting columns. 
However, as shown in the lower graph of the same figure, the 
loss densities have a quadratic slope as expected if the coupling 
mechanism leads through losses. At high field, the imaginary 
part and the Q take a behaviour similar to the hysteretic one 
due to a full coupling of the two superconducting columns [6], 
[10]. 

Losses have been investigated as function of the frequency 
at a fixed field amplitude much lower than Bo >max . As 
reported in figure [2] the losses exhibit a maximum that shifts 
towards higher frequencies as the samples length decreases. 
The experimental data have been fitted by 



1 + W 2 T 2 



(3 



(4) 



where (3 is added for considering the hysteretic contribution 
of the two columns. The experimental data are well fitted 
by the (|4} with apart the experimental data measured in the 
sample 15.4 mm long of the Ag tape. The r values, obtained 
from the fits, are reported in table [I^nd by using the 0, the 
effective resistivity of the metallic matrix has been determined. 
Since the resistivity of the silver is 4 times smaller than that 
of the Ag/Mg alloy and since the structure of the two tapes 
is similar, it is surprising to see that the experimental data 
reported in table U demonstrate that Ag tape has a lower 
effective resistivity than the Ag/Mg tape. These results can 
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Fig. 2. Frequency dependence of the losses of Ag tape (upper graph) and 
Ag/Mg tape (lower graph) as measured in samples of different lengths. The 
lines are the fit obtained by using the |4} 

TABLE I 

Values of the quantities t, and p e f f as determined from the 

EXPERIMENTAL DATA FOR ALL THE CONSIDERED SAMPLES . 





I (mm) 


t (ms) 


p e ff cm) 


Ag tape 










61.7 


31 


0.176 




30.9 


7.8 


0.175 




15.5 


1.75 


0.192 




6.5 


0.32 


0.172 


Ag/Mg tape 










61.8 


42 


0.132 




30.9 


8.9 


0.155 




15.6 


1.9 


0.182 



be understand knowing that high density of inter-growths is 
quite common tapes with matrix in Ag/Mg alloy [5]. 



IV. Coupling losses in commercial tapes 

In the previous section, we have shown as by mean a.c. 
susceptibility measurements, the bi-columnar tapes have been 
fully characterized, in particular evaluating the effective resis- 
tivity of the metallic matrix. On the same time, we have also 
verified that the classical model on coupling losses works very 
well also if this is used to analyse the coupling mechanism in 
BSCCO/Ag tapes. We want to extend this analysis to com- 
mercial tapes which are the serious candidate for applications. 

In the figures [3] and [4] the losses measured on NST tapes 
and AUS tapes of different length are shown. Looking at the 
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Fig. 3. Losses as function of the magnetic field amplitudes (in log-log scale) 
estimated on a NST multifilamentary tape cut in pieces of different length, 
measured at different frequencies. In the inset, the x"(-Bo) curves are shown, 
from which the losses have been estimated. 



Fig. [5] we can observe in upper and lower graph that the 
losses have a cubic dependence at low field whereas the slope 
becomes +1 at high field. This behaviour behaviour is observed 
on the sample 11.85 cm long as in the sample of 1.6 cm and 
equivalent results have been found at intermediate lengths. At 
the same time, the imaginary part of the a.c. susceptibility 
has not any frequency dependence. The analysis performed on 
these tapes lead us to conclude that in NST tape the coupling 
are completely suppressed for effect of a very strong bridging 
among the filaments that lead to a behaviour very similar to 
a monofilamentary tape with hysteretic loss only. 

In AUS tapes we can observe a more interesting behaviour. 
The losses have been measured on samples with length starting 
from 11.1 cm down to 1.3. At low field, the slope of the losses 
in log-log scale is close to 2.5 as on sample 11.1 cm long as 
on a piece of only 1.3 cm. The value of the slope confirms 
that the coupling mechanism competes with hysteretic one for 
every length. In the two inset of the figure, the imaginary part 
of the AUS tapes as measured in a piece of 1 1.1 cm and 1.3 cm 
show a some frequency dependence. Similar measurements, no 
shown, have been performed on a sample 5.5 cm long and 
they have an equivalent behaviour. In particular in the two 
inset of Fig. |4] we can observe the low field region of the a.c 
susceptibility measured at different frequencies. In the sample 
11.1 cm long, the x" decreases as the frequency increases and 
this could meaning that the maximum of the coupling losses 
is at lower frequency. As shown in previous section, cutting 
the sample this maximum shift at higher frequency. In the 5.5 
cm sample the \" seems to have a maximum between 7 Hz 
and 21 Hz whereas in the sample 1.3 cm long this maximum 
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Fig. 4. Losses as function of the magnetic field amplitudes (in log-log scale) 
estimated on a AUS multifilamentary tape cut in pieces of different length, 
measured at different frequencies. In the inset, the x" (Bq) curves are shown, 
from which the losses have been estimated. 



seems to be at frequency around 189 Hz with a saturation 
measured up to 567 Hz. The frequency trend of AUS tape 
does not resemble exactly the quasi ideal behaviour of the 
bi-columnar tapes. On the other hand, we know that in pure 
metal the value of x" when lot = 1 is 0.38 whereas it is, in 
general, smaller in a filamentary superconductor surrounded 
by a metal. For example in the bicolumnar tapes, where the 
coupling mechanism is dominant, at 0.1 mT the maximum 
value of the susceptibility is around 0.15 which is 3 times 
larger than the value measured on AUS tapes at the same field. 
All these considerations lead us to conclude that in AUS tapes 
a part of tape is strong bridged probably in the more densely 
packed region but an other part the bridge is not so strong 
and a coupling mechanism can arise. Nevertheless the large 
hysteretic terms is comparable with the coupling loss and we 
cannot fully characterize the samples. However, through this 
investigation we have acquired important informations on the 
a.c. behaviour of tapes potentially employed in the realization 
of applications investigating deeply the filamentary nature of 
the BSCCO tapes. 



than expected. This results are explained with the presence 
of intergrowths in Ag/Mg tapes and this result suggests 
that in this kind of tapes, the enhancement of the effective 
matrix resistivity does not reduce automatically the coupling 
losses. In NST tapes we have found a very strong bridging 
which lead to suppress completely the coupling mechanism 
and the tape works like a monofilamentary tape. Finally in 
AUS tapes the coupling mechanisms competes with a large 
hysteretic component, probably due to a strong bridging in 
a significatively part of the tape. Our work show as through 
a.c. susceptibility it is possible to investigate the quality of 
BSCCO/ Ag multifilamentary tapes. 
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V. Conclusions 

In this work we have studied the a.c. coupling losses on 
two different sets of tapes, bicolumnar BSCCO tapes and 
commercial tapes. A.C. susceptibility and losses, measured 
as function of the magnetic field amplitude and frequency, 
show that the coupling losses dominate in bi-columnar tapes 
over the hysteretic losses of the single filaments. The exper- 
imental effective resistivity in Ag tape has a higher value 
in comparison with Ag/Mg tape which has a p e ff lower 



